Background: Decreased mitochondrial respiratory chain function and increased oxidative stress have been implicated in the pathogenesis of Friedreich ataxia (FRDA), raising the possibility that energy enhancement and antioxidant therapies may be an effective treatment.
Conclusion:
This therapy resulted in sustained improvement in mitochondrial energy synthesis that was associated with a slowing of the progression of certain clinical features and a significant improvement in cardiac function.
Arch Neurol. 2005; 62:621-626 F RIEDREICH ATAXIA (FRDA) IS an autosomal recessive disease characterized clinically by a progressive gait and limb ataxia, absence of deep tendon reflexes, and loss of position and vibration sense in the lower limbs. Skeletal abnormalities, cardiac hypertrophy, and, to a lesser degree, diabetes mellitus and optic atrophy are also present in patients with FRDA. In 95% of patients the cause is a homozygous expansion of the GAA repeat in intron 1 of the FRDA gene that results in deficiency of its protein product, frataxin, 1 which is localized to the mitochondrion. Data from a yeast frataxin homologue knockout model suggest that decreased iron-sulfur cluster synthesis may, indeed, be the primary defect, and that this leads to elevated iron levels and oxidative damage. 2 The presence of defective mitochondrial oxidative phosphorylation in FRDA pathology has been confirmed in vivo in patients with FRDA using phosphorus P 31 magnetic resonance spectroscopy ( 31 P MRS) investigations of cardiac and skeletal muscle bioenergetics. 3, 4 Likewise, there is evidence of increased oxidative damage 5 in patients with FRDA, which may increase with disease progression. The involvement of mitochondrial respiratory chain dysfunction and oxidative stress in FRDA pathogenesis suggests FRDA may be amenable to treatment with a combined antioxidant and bioenergetic therapy. 6 We have shown that combined coenzyme Q 10 (CoQ 10 ) and vitamin E therapy resulted in a significant improvement in cardiac and skeletal muscle energy metabolism in 10 patients with FRDA after 3 months of treatment. 6 This is a long-term longitudinal follow-up study of these patients to determine if the bioenergetic improvements were maintained and whether these resulted in any clinical benefits in this slowly progressive neurodegenerative disease. The International Co-operative Ataxia Rating Scale (ICARS) is the main clinical scale used to evaluate the symptoms of patients with FRDA, 7 but in the absence of reliable longitudinal data investigating the natural history of FRDA, we have generated cross-sectional data to predict disease progression in FRDA.
METHODS

SUBJECTS
Ten genetically confirmed patients with FRDA were selected for their ability to be studied using the 31 P MRS protocol and have been described previously. 6 For the cross-sectional study 77 patients were clinically and genetically confirmed to have FRDA (age range, 10-57.7 years; GAA trinucleotide repeat expansion in intron 1 of the Friedreich ataxia gene [GAA1] range, 130-1080 repeats). Informed consent for all aspects of the study was obtained and studies were carried out with approval of the Central Oxford Ethics Committee, Oxford, England, and the Royal Free Hospital Ethics Committee, London, England.
THERAPY
All patients were given vitamin E (2ϫ525 IU twice a day, Bio-E-Vitamin; Pharma Nord, Vejle, Denmark) and CoQ 10 (2ϫ100 mg twice a day, Bio-Quinon Q 10 ; Pharma Nord). Serum samples were used to assess vitamin E 8 (at 0, 6, 11, and 23 months), and CoQ 10 9 levels (at 0, 3, 6, 11, 18, and 23 months).
CLINICAL ASSESSMENTS
Patients with FRDA were assessed neurologically before therapy and after 6, 11, 18, 23, 35 , and 47 months of therapy by the same neurologist (P.E.H.) using the semiquantitative ICARS score. 7 Hand dexterity (dominant hand) was assessed using a hand tally (VWR International, Poole, United Kingdom) to determine the number of hits by the thumb in 30 seconds.
ECHOCARDIOGRAPHY
Two-dimensional and M-mode imaging, from parasternal and apical windows, was performed before therapy began and after approximately 3, 6, 11, 23, 35, and 47 months of therapy using diagnostic ultrasonography (Sonos HP-5500; Hewlett-Packard, Bracknell, United Kingdom) as described previously.
6
MAGNETIC RESONANCE SPECTROSCOPY
Cardiac and skeletal muscle 31 P MRS studies were performed at 0, 3, 6, 11, 23, 35, and 47 months in a 2.0-T whole-body magnet (Oxford Magnet Technology, Oxon, England) interfaced to a Bruker Avance spectrometer (Bruker Medical GmbH, Ettlingen, Germany) as described previously. 6 
STATISTICAL ANALYSIS
Individual results were abnormal when they fell outside the normal range. The Mann-Whitney test was used to compare independent groups and the Wilcoxon matched-pair test was used to compare dependent groups, except where the data were normalized to initial values in which case the t test was used. Linear regression analysis was used to calculate correlation coefficients and the slope of the correlation (Instat; GraphPad, San Diego, Calif ).
RESULTS
Coenzyme Q 10 and vitamin E administration was well tolerated by all patients and did not cause noticeable adverse effects. All patients reported compliance with the therapy until the end of the trial at 47 months. This was supported by elevated serum levels of vitamin E (2.2-to 6-fold increase) and CoQ 10 (2.3-to 7.4-fold increase) in all patients ( Table 1) . †The patient number represents the 10 patients in the trial who were described previously.
The heart and skeletal muscle 31 P MRS analyses were performed throughout the trial period (Figure 1) . Cardiac 31 P MRS was not performed on patient 5 (because the patient had asymptomatic atrial fibrillation). Skeletal muscle 31 P MRS studies were not performed on patient 7 after baseline data (because of the patient's receiving botulinum toxin injections in both calves) or on patients 5 and 6 at the 47-month point (because these patients were unable to perform the skeletal muscle exercise).
The significant improvement in the cardiac phosphocreatine-adenosine triphosphate (PCr/ATP) ratio evident after 3 months of combined CoQ 10 and vitamin E therapy was maintained at all assessments up to 47 months ( Figure 1A Table 1) .
The resting calf muscle PCr/inorganic phosphate (Pi) ratios improved throughout the therapy reaching control values after 23 months ( Figure 1B) . The improvement in the maximum rate of mitochondrial ATP synthesis (maximum velocity [Vmax] ) measured at the end of exercise was maintained throughout the 47 months of the trial ( Figure 1C ).
In comparison with the pretherapy values the mean IVS d and PW d thickness during therapy showed a decrease in 6 and 5 patients, respectively, but many of these changes were within the variation seen with this technique. When expressed as the percentage change from the pretherapy values, there was no overall change in the IVS d or PW d values throughout the 47-month trial (Figure 2A and B) . Fractional shortening showed a significant increase at the 35-and 47-month assessments ( Figure 2C ). At these time points, fractional shortening was not influenced by the presence of LVH ( Table 1) .
The patients' ICARS scores were normalized by expressing them as a percentage of the pretherapy ICARS scores. As a group, the total ICARS scores did not increase over the trial period ( Figure 3A) ; however, the posture and gait scores deteriorated significantly from the pretherapy scores ( Figure 3B ), and the kinetic scores improved ( Figure 3C) ; this occurrence did not reach statistical significance. The speech and ocular motor scores did not show any statistically significant change over the course of the therapy (data not shown).
The total ICARS and component scores for each patient obtained over 47 months were plotted against patient age to obtain the rate of change during the trial period. In the absence of longitudinal natural history data, we used cross-sectional ICARS data from a group of 77 heterogeneous patients with FRDA to predict the clinical course of the disease. These patients were divided into 4 groups (A-D) according to their GAA1 sizes, to allow for the influence of genetic severity on clinical progression, and the rate of clinical change estimated for each group using linear regression analysis ( Table 2) . These data will be presented in more detail elsewhere (P.E.H., unpublished data, 2004). Similarly the rates of change were determined for each patient over the 47 months of the trial period and compared with those predicted for the appropriate crosssectional group. The rate of change in total ICARS scores were better than predicted in 6 patients (patients 1, 2, 4, 7, 9, and 10) and, indeed, demonstrated an improvement. The rate of change in the kinetic scores also demonstrated an improvement in these 6 patients, and in patient 3, the scores remained stable throughout the trial period ( Table 2 ). The change in posture and gait scores were similar to the predicted scores for all except patient 5 who showed an improvement ( Table 2 ). The speech (Table 2 ) and ocular motor scores (data not shown) were small and variable mak- ing interpretation difficult. The longitudinal data from the 10 patients in the trial demonstrated a decline in dominant hand dexterity that was equal to or greater than the decline predicted from the cross-sectional data ( Table 2) .
COMMENT
Combination of high doses of vitamin E and CoQ 10 were tolerated by patients with FRDA for extended periods without any significant adverse effects. All patients showed at least a 2.2-fold increase in serum levels while receiving therapy. While there is some debate as to the effect of increased dietary CoQ 10 and vitamin E on tissue levels of these chemicals, 10,11 the observation that they have influenced heart and skeletal muscle 31 P MRS features implies they are at least effectively targeting these tissues.
A decreased energy supply appears to be an important early event in FRDA. 12 The improved cardiac and skeletal muscle MRS data clearly demonstrated that this therapy caused a sustained improvement in this feature of the disease in these tissues. The presence of LVH did not influence the degree of cardiac 31 P MRS improvement in agreement with the suggestion that the energetic defect was not secondary to the hypertrophy. Knowledge about the natural history of cardiac hypertrophy in FRDA is limited and, therefore, it is impossible to identify whether the therapy prevented the progression of hypertrophy. While this therapy was not expected to influence the symptoms associated with neuronal loss, we proposed that clinical benefit may be evident if the therapy had a beneficial effect on the function of the remaining cells. Analyzing the patients as a group over the 47 months of therapy demonstrated that the total ICARS score was stable, and the kinetic score tended to improve slightly while the posture and gait score deteriorated. Given the heterogeneity of FRDA with respect to clinical features, genetic severity, and clinical progression rate, the efficacy of any therapy is difficult to interpret if these variables are not considered. Furthermore, the natural history of the clinical symptoms in FRDA is poorly documented, making these assessments difficult to interpret. However, using crosssectional ICARS data we have attempted to predict the natural history of FRDA with respect to the size of the genetic abnormality (GAA1). We have been able to demonstrate that the clinical progression (total ICARS score) during the 47 months of therapy was better than predicted in 6 patients, and that the kinetic symptoms were improved in 7 patients. However, the posture and gait symptoms continued to decline.
The lack of apparent benefit of combined CoQ 10 and vitamin E therapy on cardiac hypertrophy contrasted with that reported for idebenone therapy. [13] [14] [15] There may be several explanations for this difference, some of which relate to patient selection, in particular, the degree of cardiac hypertrophy prior to therapy, and the possible tissue penetrance of the agents. The differences did not relate to bioenergetic improvement, as idebenone therapy did not enhance respiratory chain function. 16 However, the apparent clinical benefits of the combined CoQ 10 and vitamin E therapy, which have not been reported for idebenone therapy, may be related to the improvements in bioenergetics.
CONCLUSION
This combined therapy CoQ 10 and vitamin E caused a prolonged improvement in cardiac and skeletal muscle bioenergetics clearly demonstrating its biochemical efficacy. Heart function assessed by fraction shortening significantly improved after 35 and 47 months and, when compared with cross-sectional data, the ICARS and kinetic clinical scores were improved in 7 of 10 patients. However, the posture and gait scores and hand dexterity scores continued to deteriorate. With limited patient numbers and in the absence of a placebo group, these results must be interpreted with caution, and the analysis of therapeutic trials requires improved longitudinal data for a better understanding of the variability of the natural history of the disease. A larger randomized trial focusing on the response to such a therapy of both neurological and cardiological symptoms is required to confirm whether an early diagnosis of FRDA can be exploited to initiate antioxidant treatment and prevent the progression of this disorder. Cross-sectional Group
